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ABSTRACT
Puppis A is a very famous and extensively studied supernova remnant (SNR) that shows strong evidence of
shock-cloud interaction. We re-analyze the GeV γ-ray emission of it using seven years Pass 8 data recorded by
the Fermi Large Area Telescope (Fermi-LAT). The morphology of the γ-ray emission is more compatible with
that of the thermal X-ray and IR emissions than the radio image, which suggests a possible correlation between
the gamma-ray emitting region and dense clouds. The γ-ray spectrum in the energy range of 1-500 GeV shows
a break at 7.92 ± 1.91 GeV with the photon indices of 1.81 ± 0.08 below the break and 2.53 ± 0.12 above
the break, which can naturally explain the lack of TeV γ-ray emission from Puppis A. The multi-wavelength
observations favor a hadronic origin for the γ-ray emission.
Subject headings: ISM: supernova remnants—Gamma rays: general—Radiation mechanisms: non-thermal
1. INTRODUCTION
Supernova remnants (SNRs) are widely believed to be
the most probable acceleration sites of Galactic cosmic rays
(CRs) below energies of the knee (see Hillas 2005, for a
review). The high energy γ-ray emission can pinpoint the
presence of energetic electrons or nuclei. SNRs interacting
with dense molecular clouds (MCs) are expected to be a
class of the brightest sources in the γ-ray band. Indeed, the
γ-ray emission from several sources of this class has been
detected by the Fermi Large Area Telescope (Fermi-LAT),
including IC443 (Abdo et al. 2010a; Ackermann et al.
2013), W44 (Abdo et al. 2010b; Ackermann et al. 2013),
W28 (Abdo et al. 2010c; Hanabata et al. 2014), W51C
(Abdo et al. 2009),W49B (Abdo et al. 2010d), W30
(Ajello et al. 2012), Tycho (Zhang et al. 2013), Kesteven 27
(Xing et al. 2015), and Kesteven 41 (Liu et al. 2015). The
intense GeV γ-ray emission from these SNRs is generally
believed to be from the decay of neutral pions produced
in inelastic collisions between accelerated protons and the
dense gas in MCs. Especially, γ-ray spectra of IC443,
W44 and W51C have shown spectral feature of pi0 decay5
(Giuliani et al. 2011; Ackermann et al. 2013; Jogler & Funk
2016), which are considered the most direct evidence for the
presence of relativistic nuclei acceleration in SNRs.
In addition, the γ-ray spectra of most SNRs mentioned
above exhibit remarkable spectral breaks in the 1-20 GeV
band, steepening above the break energy. The spectral break
can be explained by the energy-dependent diffusion of ac-
celerated particles from the SNR shell into nearby molec-
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5 Note that the peak of the the pi0 decay spectrum is at half the pi0 mass,
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ular clouds (Aharonian & Atoyan 1996; Gabici et al. 2009;
Ohira et al. 2011; Li & Chen 2010, 2012), the re-acceleration
in crushed clouds (Uchiyama et al. 2010) or the Alfve´n
wave evanescence in weakly ionized dense gas (Malkov et al.
2011).
Puppis A (G260.4-3.4) is a famous SNR with evident
interaction with MCs. Its distance was determined to be
2.2 ± 0.3 kpc based on the observation of neutral hydro-
gen (Reynoso et al. 2003). At such a distance the diame-
ter of Puppis A is estimated to be about 30 pc. A central
compact object (CCO), RX J0822-4300, is located near the
geometric center of Puppis A, which has been identified as
the stellar remnant left after the supernova (SN) explosion
(Petre et al. 1996; Zavlin et al. 1999). Based on observa-
tions of the proper motion of the CCO and optical filaments,
the age of Puppis A was estimated to be (4450 ± 750) yr
(Becker et al. 2012; Winkler et al. 1988), implying that this
SNR is in the Sedov-Taylor evolutionary phase. There are
two bright knots inside Puppis A, including the “bright east-
ern knot” and the “bright northern knot” (Petre et al. 1982).
The X-ray spectral studies revealed correlation between these
knots and the shock-cloud interaction, making Puppis A to
be the first X-ray-identified example of shock-cloud interac-
tion in a relatively late phase of evolution (Hwang et al. 2005;
Katsuda et al. 2010, 2012). No dense molecular gas is adja-
cent to the eastern knot, implying that the molecular clumps
have been completely engulfed and destroyed by the shock
front (Paron et al. 2008). The shock velocity of Puppis A
is ∼ (600-1200) km s−1, which was derived according to the
oxygen and electron temperatures as well as the ionization
timescale in the ejecta knot (Katsuda et al. 2013).
Puppis A is one of the brightest SNRs in the X-ray
band. Each area of it has been observed by several X-
ray telescopes in orbit, e.g., Einstein (Petre et al. 1982),
ROSAT (Aschenbach et al. 1993), Suzaku (Hwang et al.
2008), Chandra (Hwang et al. 2005; Dubner et al. 2013),
and XMM-Newton (Hui & Becker 2006; Katsuda et al.
2010, 2012; Dubner et al. 2013). The X-ray emission de-
tected is completely thermal in origin, which mostly comes
from the shocked interstellar medium (ISM; Hwang et al.
2005) except that there are a few isolated O-Ne-Mg-rich
features associated with the SN ejecta (Hwang et al. 2005;
Katsuda et al. 2008, 2010, 2013). Recently, Dubner et al.
2(2013) showed the most complete and detailed X-ray view
of Puppis A and confirmed that the SNR evolves in an inho-
mogeneous, probably knotty ISM. The hard component of the
X-ray emission is spatially coincident with the distribution of
neutral hydrogen column densities, implying the absorption
of soft photons by neutral hydrogens (Dubner et al. 2013;
Reynoso et al. 2003). The infrared (IR) images, observed by
the Spizer Space Telescope, revealed an extremely good cor-
relation with the X-ray emission, demonstrating that the ther-
mal IR emission arises from swept-up interstellar dust, colli-
sionally heated by the hot shocked gas (Arendt et al. 2010).
Hewitt et al. (2012) reported the detection of GeV γ-ray
emission from Puppis A with the Fermi-LAT. With a lumi-
nosity of only 2.7 × 1034 (d/2.2 kpc)2 erg s−1 between 1 and
100 GeV, Puppis A is among the faintest SNRs identified by
the Fermi-LAT. The morphology of the GeV γ-ray emission is
spatially extended, which is compatible with the X-ray mor-
phology. The γ-ray emission is well described by a power
law spectrum with an index of 2.1. Considering the multi-
wavelength data from the radio to γ-ray, both leptonic and
hadronic models are possible with different magnetic field
strengths and different energies of relativistic particles. In
addition, Hewitt et al. (2012) also reported a hint of a ra-
dio break or cutoff at ∼ 40 GHz using 7 years data from the
Wilkinson Microwave Anisotropy Probe (WMAP).
Abramowski et al. (2015) observed Puppis A in the
very-high-energy (VHE; E ≥ 0.1 TeV) band with the High
Energy Stereoscopic System (HESS). However, no significant
VHE emission has been detected. It has been suggested that
the lack of the VHE signal implies that a spectral break or
cutoff would occur at 280 or 450 GeV, assuming a power law
with a simple exponential or a sub-exponential cutoff, respec-
tively (Abramowski et al. 2015).
In this work, we report the detection of the GeV break
in the spectrum of Puppis A, with the Pass 8 data recorded
by the Fermi-LAT. In Section 2, the data analysis and results
are presented, including the spatial and spectral analyses. The
discussion about the origin of the non-thermal emission based
on the multi-wavelength data is given in Section 3, followed
by conclusions in Section 4.
2. DATA ANALYSIS
2.1. Data reduction
We analysis the SNR Puppis A using the latest Pass 8
version of the Fermi-LAT data taken in the period between
August 4, 2008 (Mission Elapsed Time 239557418) to Au-
gust 4, 2015 (Mission Elapsed Time 460339204). The Galac-
tic coordinate of Puppis A is (260.4, -3.4). It is close to the
Galactic plane, but in a direction of the outer Galaxy. The sur-
face brightness of the Galactic diffuse emission is smaller by
a factor of ∼2 than that of Puppis A. A very bright gamma-
ray source, the Vela pulsar, is about 3 degrees away from
Puppis A, which actually affects the low energy analysis of
Puppis A. Therefore, to prevent event contamination from
the nearby Vela pulsar, only events with energies above 1
GeV are selected. We select the “source” event class (ev-
class=128& evtype=3) and exclude the data with zenith angle
greater than 90◦ to minimize contamination from the Earth
limb. This analysis is performed within a square region of
14◦×14◦ centered at the position of Puppis A (R.A.= 125.66◦,
Dec.= −42.84◦; Acero et al. 2015), which is referred to as
a region of interest (ROI). We use the standard LAT analy-
sis software, ScienceTools version v10r0p56, available from
the Fermi Science Support Center, and adopt the instru-
mental response function (IRF) “P8R2 SOURCE V6”. The
binned likelihood analysis method with gtlike is used to fit
the data. For the background subtraction, the diffuse back-
grounds including the Galactic emission and the isotropic
component, are modeled according to gll iem v06.fits
and iso P8R2 SOURCE V6 v06.txt7. All sources in the
third Fermi catalog (3FGL; Acero et al. 2015) within a ra-
dius of 15◦ from the ROI center are included in the source
model, which is generated with the user-contributed software
make3FGLxml.py8. Except that, two extra point sources,
named as source A (R.A.= 129.707◦, Dec.= −44.083◦) and
source B (R.A.= 122.273◦, Dec.= −47.293◦), which are not
in the 3FGL catalog are added to the model. During the fit-
ting analysis, the normalizations and spectral parameters of all
sources within a distance of 7◦ from the ROI center, together
with the normalizations of the two diffuse backgrounds, are
left free.
2.2. Spatial correlations
The gamma-ray emission from Puppis A is extended.
And an uniform disk with a radius of 0.37◦ is suggested by
the Fermi-LAT collaboration as the spatial template for Pup-
pis A (Acero et al. 2015). In order to show the spatial corre-
lation between the γ-ray and other energy bands, we created
two residual counts maps by subtracting the best-fit model
maps from the counts maps for photons above 5 GeV (top)
and 10 GeV (bottom) in Fig. 1 using the PSF3-type data (ev-
class=128 & evtype=32), which has the best spatial resolu-
tion. The radio contours at 843MHz from the Sydney Univer-
sity Molonglo Sky Survey (SUMSS; Mauch et al. 2003), the
X-ray contours from ROSAT High Resolution Imager (HRI;
Petre et al. 1996) and the infrared (IR) contours from IRAS
satellite (Miville-Descheˆnes & Lagache 2005) are overplot-
ted. The residual maps reveal that the GeV emission of Pup-
pis A mainly concentrates in the northeast (NE) region and
extends into the southwest (SW) region, which is more com-
patible with the X-ray/IR than the radio morphology.
Besides the uniform disk template, we also used three
additional spatial templates according to multi-wavelength
observations to fitting the γ-ray emission of Puppis A:
the radio image at 843 MHz from SUMSS (Mauch et al.
2003), the X-ray image from ROSAT HRI (Petre et al.
1996), and the infrared (IR) image from IRAS satellite
(Miville-Descheˆnes & Lagache 2005). The photon flux and
TS value for each spatial template are list in Table 1. As can
be seen, the TS value for the X-ray image is larger than that
for the uniform disk, even though the spatial template of an
uniform disk has more degrees of freedom. Comparing with
the radio image, the X-ray/IR one is more consistent with the
morphology of the γ-ray emission for the relatively higher TS
value.
Hereafter, we adopt the X-ray image with the highest TS
value as the spatial template for the whole SNR in the follow-
ing spectral analysis.
2.3. Spectral analysis
We perform a spectral analysis of Puppis A in the en-
ergy range from 1 GeV to 500 GeV with the spatial tem-
6 http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
7 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
8 http://fermi.gsfc.nasa.gov/ssc/data/analysis/user/
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Fig. 1.— Residual counts maps of 1.5◦ × 1.5◦ region centered at Puppis A for photons above 5 GeV (PSF3-type data; top images) and 10 GeV (PSF3-type data;
bottom images), derived by subtracting the best-fit model maps from the counts maps. These maps are smoothed with a Gaussian kernel of σ = 0.2◦. Green
contours (left) represent the radio image of Puppis A at 843 MHz from SUMSS (Mauch et al. 2003); cyan contours (middle) show the ROSAT HIR image of
X-ray emission (Petre et al. 1996) and magenta contours (right) display the IR image from IRAS satellite (Miville-Descheˆnes & Lagache 2005).
TABLE 1
spatial distribution analysis for Puppis A between 1 GeV and 500 GeV
Spatial Photon Flux TS Degrees of
Template (10−9 ph cm−2 s−1) value Freedom
Uniform disk 8.23 ± 0.29 1825.9 5
X-ray image 8.31 ± 0.29 1890.4 2
Radio image 8.28 ± 0.30 1527.6 2
Infrared image 9.47 ± 0.33 1650.3 2
plate of the X-ray image using the binned likelihood analysis
method. First, we adopt a simple power law (PL) spectrum
to fit the data. The spectral index is found to be 2.07 ± 0.03,
and the integral photon flux is (8.31 ± 0.29) × 10−9 photon
cm−2 s−1, which is in agreement with the results given by
Hewitt et al. (2012). We then test for a break in the spec-
trum of Puppis A using a broken power law (BPL) spec-
trum. Significant improvement of the fitting can be found
compared with the single PL model. The results from the
spectral fits are summarized in Table 2. We tested for the sig-
nificance of this spectral break using a likelihood ratio test:
TSbreak = −2 ln(LPL/LBPL), where LPL and LBPL represent the
likelihoods for the simple PL model and BPL model, respec-
tively. We obtain TSbreak = 35.4, which corresponds to a sig-
nificance of ∼ 5.6σ for two additional degrees of freedom.
Thus we conclude that the spectrum of Puppis A does have
a break at 7.92 ± 1.91 GeV. The existence of the break and
a relatively soft spectrum above the break energy, γ2 = 2.53,
can naturally explain the non-detection in the VHE γ-ray band
(Abramowski et al. 2015).
Furthermore, to derive the γ-ray spectrum of Puppis A,
we bin the data with 15 logarithmically even energy bins be-
tween 1 GeV and 500 GeV, and perform the same likelihood
fitting analysis to the data and the results are listed in Table
3. The obtained energy spectrum weighted by E2, overplotted
with the best-fit BPL result, is shown in the top panel of Fig.
2. Note that the break of the spectrum should not be confused
with the so-called pi0 peak of the photon spectrum, whose en-
ergy is much lower than that covered by our analysis (see the
bottom panel of Fig. 2 for an explicit illustration).
We also search for spectral difference between the eastern
and the western regions of Puppis A, with a half-disk template
each. The spectral data points of the eastern and the western
regions are listed in Table 3. The spectra are shown in the top
and the bottom panels of Fig. 3, with the best-fitting spectra of
each region overplotted. We find that the spectrum of the east-
ern region also shows a break with Eb ∼ 3 GeV, while for the
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Fig. 2.— The E2 weighted energy spectrum (top) and photon spectrum (bot-
tom) of the total SNR. The results of Fermi-LAT data are shown by black
dots, with arrows indicating the 95% upper limits. The gray histogram de-
notes the TS value for each energy bin. The upper limits in the TeV band
(red) are from HESS observations (Abramowski et al. 2015). The best-fit
BPL spectrum in the energy range from 1 GeV to 500 GeV is overplotted
with the blue dashed line.
western region a single PL is able to describe the GeV emis-
sion. However, considering the upper limit in the TeV band, a
break or cutoff should be needed for the western region.
TABLE 2
Spectral Fit Parameters for PL and BPL between 1 GeV and 500 GeV
with the spatial template of the X-ray image
Spectral γ1 γ2 Eb Photon Flux TS
model (GeV) (10−9 ph cm−2 s−1) value
PL 2.07 ± 0.03 − − 8.31 ± 0.29 1890.4
BPL 1.81 ± 0.08 2.53 ± 0.12 7.92 ± 1.91 8.01 ± 0.29 1925.8
3. DISCUSSION
3.1. Morphology and γ-ray spectrum
From the above analysis, the GeV γ-ray emission is spa-
tially well correlated with the morphology in the X-ray/IR
rather than the radio band, which means that there should be
some dense clouds in the γ-ray emitting region (Dubner et al.
2013; Abramowski et al. 2015). However, no CO emission
was detected in such regions, which can be attributed to
dissociation of molecules by the radiative precursor of the
SNR due to the photoionization and photodissociation effects
(Paron et al. 2008) or there is some CO-dark gas in the γ-ray
emitting region which can not be traced by CO observations
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Fig. 3.— Same as the top panel of Fig. 2, but for the eastern (top) and
western (bottom) regions of the SNR separately. For the western region, a
single PL spectrum is adopted to fit the Fermi-LAT data.
(Grenier et al. 2005).
There may be another explanation for the spatial cor-
respondence between the γ-ray and the X-ray emissions.
Dubner et al. (2013) shows that Puppis A displays a soft-
ening of the X-ray emission from NE to SW region, corre-
sponding to the variation of column density of neutral hydro-
gen (Reynoso et al. 2003; Hwang et al. 2005). The higher-
density column in the NE region may be responsible for the
absorption of soft X-ray photons resulting in the spatial distri-
bution of the X-ray emission. Therefore, there may exist some
dense HI clouds in the vicinity of the central part of Puppis A.
These HI clouds are illuminated by energetic particles from
Puppis A to emit strong γ-ray emissions.
Spatial correlation among the γ-ray and the thermal X-
ray emission also exists in SNR W51C (Abdo et al. 2009)
and Cygnus Loop (Katagiri et al. 2011). However, for
W51C, the γ-ray emission is also consistent with the radio
extension. And for Cygnus Loop, the morphology of the X-
ray emission is shell-like and the Hα filaments together with
the radio continuum emission in the northern part of Cygnus
Loop are correlated with the γ-ray emission spatially, which
are very different from Puppis A. Humensky et al. (2015) re-
ported that the γ-ray emission of the SNR IC443 is anticor-
related with its thermal X-ray emission, which is opposite to
that of Puppis A.
The spectral analysis of Puppis A reveals the existence
of a break at 7.92 ± 1.91 GeV in the spectrum and the GeV
break is usually linked to SNRs interacting with molecular
clouds, like IC443, W44 and W51C, etc. These SNR/MC
5TABLE 3
Fermi-LAT spectral data points of Puppis A
Energy band photon flux of total TS value of photon flux of eastern TS value of photon flux of western TS value of
(GeV) SNR (ph cm−2 s−1) total SNR region (ph cm−2 s−1) eastern region region (ph cm−2 s−1) western region
1.00 – 1.51 (2.44 ± 0.21) × 10−9 175.6 (1.22 ± 0.28) × 10−9 44.1 (1.28 ± 0.27) × 10−9 53.7
1.51 – 2.29 (1.79 ± 0.14) × 10−9 252.9 (1.02 ± 0.16) × 10−9 86.7 (7.68 ± 1.51) × 10−10 50.5
2.29 – 3.47 (1.28 ± 0.10) × 10−9 290.8 (9.82 ± 1.06) × 10−10 189.1 (2.91 ± 0.90) × 10−10 16.2
3.47 – 5.25 (9.38 ± 0.77) × 10−10 323.3 (6.14 ± 0.73) × 10−10 157.4 (3.03 ± 0.61) × 10−10 43.4
5.25 – 7.94 (6.54 ± 0.60) × 10−10 293.6 (3.56 ± 0.52) × 10−10 112.5 (2.58 ± 0.48) × 10−10 62.1
7.94 – 12.01 (3.70 ± 0.43) × 10−10 201.5 (2.07 ± 0.36) × 10−10 85.2 (1.46 ± 0.33) × 10−10 40.7
12.01 – 18.18 (2.17 ± 0.33) × 10−10 123.3 (1.06 ± 0.25) × 10−10 43.1 (8.80 ± 2.51) × 10−11 29.3
18.18 – 27.51 (1.15 ± 0.23) × 10−10 77.3 (5.30 ± 1.77) × 10−11 23.5 (5.70 ± 1.87) × 10−11 23.6
27.51 – 41.63 (6.20 ± 1.70) × 10−11 44.9 (3.26 ± 1.42) × 10−11 14.1 (2.93 ± 1.34) × 10−11 12.3
41.63 – 63.00 (4.98 ± 1.44) × 10−11 44.7 (3.09 ± 1.35) × 10−11 16.3 (1.49 ± 1.05) × 10−11 5.0
63.00 – 95.33 (1.86 ± 0.87) × 10−11 15.3 1.55 × 10−11 < 5.0 (1.64 ± 0.90) × 10−11 13.9
95.33 – 144.27 1.05 × 10−11 < 5.0 1.26 × 10−11 < 5.0 5.10 × 10−12 < 5.0
144.27 – 218.32 1.61 × 10−11 < 5.0 1.46 × 10−11 < 5.0 5.27 × 10−12 < 5.0
218.32 – 330.39 4.86 × 10−12 < 5.0 4.86 × 10−12 < 5.0 4.86 × 10−12 < 5.0
330.39 – 500.00 8.82 × 10−12 < 5.0 6.54 × 10−12 < 5.0 5.44 × 10−12 < 5.0
Note. — For energy bins with TS values smaller than 5.0, the upper limits at 95% confidence level are calculated.
systems exhibit a spectral break in the 1-20 GeV band and
they are typically brighter in the GeV band than in the TeV
band (Funk 2015; Guo et al. 2017), which is similar to Pup-
pis A. Therefore, the γ-ray radiation mechanism of Puppis A
should be very similar to that of the SNR/MC systems. Com-
pared with the other SNR/MC systems, the lower luminosity
of Puppis A in the GeV band suggests that the gas density
in Puppis A may not be as high as the others (Hewitt et al.
2012). The spatial variation of the GeV spectrum shows that
the broken power-law spectrum of the overall emission may
have a more complicated origin due to superposition of emis-
sion from different regions with different spectra. Neverthe-
less, these results suggest that the spectral break decreases
with the decrease of shock speed as indicates by the east-west
asymmetry of the remnant in agreement with the model pro-
posed by Ohira & Yamazaki (2016) and the general trend of
spectral evolution discovered by Zeng et al. (2017).
The γ-ray emission can be produced via three radi-
ation mechanisms: Inverse Compton Scattering (ICS) or
bremsstrahlung process of high energy electrons, and the pi0
decay due to inelastic pp collisions with the latter two pro-
cesses proportional to density of the background plasma. The
spatial correlation between the GeV γ-ray emission and the
potential clouds traced by thermal X-ray emission makes the
hadron-dominated model more preferable (Katz & Waxman
2008). In addition, the theoretical explanation of GeV break
also favors the hadronic scenario (Aharonian & Atoyan 1996;
Gabici et al. 2009; Ohira et al. 2011; Li & Chen 2010, 2012;
Uchiyama et al. 2010; Malkov et al. 2011).
3.2. Spectral Energy Distribution
In the radio band of Puppis A, Hewitt et al. (2012) re-
ported a hint of a radio break or cutoff at ∼ 40 GHz using
the WMAP data and such spectral structure was also detected
by Planck satellite (Arnaud et al. 2016). The X-ray emis-
sion of Puppis A is completely thermal in origin and no non-
thermal component was detected. However, considering the
fact that some SNRs as young as Puppis A, like RCW 86, still
exist non-thermal X-ray emission (Lemoine-Goumard et al.
2012), the non-thermal component of Puppis A should not be
much lower than the thermal component. Therefore, the radio
structure at ∼ 40 GHz is more like a break rather than a cut-
off. Here, We discuss different radiation models in light of the
multi-wavelength data, including the spectral structures of the
radio and GeV break.
Considering the radio break, the spectra of electrons is
assumed to be a smoothly broken power law with an expo-
nential cutoff (SBPL) in the form of
dNe
dE
∝ E−αe
1 +
(
E
Ee,br
)2
−∆αe/2
exp
(
−
E
Ee,cut
)
. (1)
And the spectra of protons is adopted to be a power law with
an exponential cutoff (PL):
dNp
dE
∝ E−αp exp
(
−
E
Ep,cut
)
. (2)
where αi and Ei,cut are the spectral index and the cutoff energy
of particles, respectively, for i = e or p. Ee,br is the break
energy and ∆αe is the spectral variation of electrons.
In the modeling, we set the spectral index of protons αp
being equal to the index of electrons below the break energy
αe, assuming that this part of the spectra are determined by
the acceleration process. In addition, we assume ∆αe = 1
considering the energy-loss mechanism of electrons. The dis-
tance of Puppis A is adopted to be 2.2 kpc (Reynoso et al.
2003), and the radius is r ≈ 17.6 pc for an angular size of
55′ at such a distance. Besides the cosmic microwave back-
ground (CMB), two IR radiation fields are taken into account
(T1 = 150 K, u1 = 0.48 eV cm
−3 and T2 = 45 K, u2 = 0.2 eV
cm−3), which are determined by the dust emission of Puppis
A (Arendt et al. 1991; Hewitt et al. 2012). The gas density,
ngas, ranges from 0.5 cm
−3 to 4.0 cm−3, which corresponds
the variation of X-ray brightness from the northeast to south-
west region of Puppis A (Arendt et al. 2010; Hewitt et al.
2012). Arendt et al. (1991) and Arendt et al. (2010) gave the
dust mass of 0.25 M⊙ for Puppis A by infrared observations,
and considering a typical dust-to-gas ratio of 0.0077 for ISM,
the gas mass of 33 M⊙ is derived (Arendt et al. 1991). How-
ever, the dust-to-gas ratio for the post-shock region of Puppis
A is much lower than that for ISM and the gas mass should
be much larger (Arendt et al. 2010). Nevertheless, the value
of the gas mass derived from this method should be the lower
limit. Meanwhile, the total mass of the gas calculated by Mgas
=
4
3
pi r3 ngas mp = 2.26×10
3(n/4.0 cm−3)M⊙, should be con-
6sidered as an upper limit for the inhomogeneity of the actual
gas density.
3.3. ICS-dominated model
The multi-wavelength spectrum energy distribution
(SED) with the ICS-dominated model is shown in the top
panel of Fig. 4 and the model parameters are compiled in
Table 4. For the ICS-dominated model, the spectral index
of electrons is 1.8. The break and cutoff energies of elec-
trons are 20 GeV and 0.8 TeV, respectively. And the total
energy of electrons above 1 GeV is estimated to be We ≈
1.7 × 1049 erg. A magnetic field strength of about 6.0 µG
is needed to explain the flux in the radio band. Here the gas
density, ngas, is adopted to be 0.5 cm
−3 to reduce the con-
tribution from bremsstrahlung emission. The total energy
of protons above 1 GeV, Wp, is constrained to be less than
∼ 5.0 × 1049(n/0.5 cm−3)−1 erg, considering the upper-limits
at several hundreds of GeV. Here, the cutoff energy of protons,
Ep,cut, is adopted to be 10 TeV.
This model gives a reasonable fit to the overall spectrum.
However, the inferred magnetic field, ∼ 6 µG, is relatively low
compared with that derived from an equipartition assumption
(Dubner et al. 2013). In addition, the energy content of ener-
getic electrons is too high if SNRs indeed dominate the cos-
mic ray fluxes observed at earth.
3.4. Bremsstrahlung-dominated model
To explain the emission from the radio to γ-ray band with
the bremsstrahlung-dominated model, we assume a gas den-
sity of 4.0 cm−3. It is interesting to note that a broken power-
law electron distribution with an index of 1.85, a break en-
ergy of 18 GeV and a cutoff energy of 4.0 TeV can repro-
duce the spectral breaks in both the radio and γ-ray band.
The corresponding magnetic field is 11.0 µG and the total
energy of electrons above 1 GeV is 7.0 × 1048erg. Here
the total energy of protons above 1 GeV should be less than
∼ 3.5 × 1048(n/4.0 cm−3)−1 erg for a typical cutoff energy of
10 TeV for protons to avoid overestimation of the VHE γ-ray
emission. The modelled SED is shown in the middle-upper
panel of Fig. 4 and the model parameters can be seen in Table
4. The spectral fit is also reasonable and the model parameters
are well constrained. However, this model implies a lower en-
ergy content in energetic protons than that in electrons, which
is not consistent with the supernova origin of Galactic cosmic
rays.
The above lepton-dominated models can marginally ex-
plain the γ-ray emission and the radio break, considering the
statistic errors of the GeV data. However, for these two mod-
els, the estimated electron to proton ratio must be much larger
than 0.01, which is measured at the Earth. And these results
are in agreement with the result of Hewitt et al. (2012).
3.5. Hadron-dominated model
The middle-lower panel of Fig. 4 shows the results of the
hadron-dominated model fitting using the spectra of a power
law with an exponential cutoff for protons and the model pa-
rameters are given in Table 4. In the modeling, the ratio of the
number of relativistic electrons to protons at 1 GeV, Kep, is as-
sumed to be 0.01, which is in accord with the local measured
CR abundant. The spectral indices of particles are found to
be about 1.9. For electrons, a break energy of about 6 GeV,
a magnetic field strength of about 72 µG and a total energy
above 1 GeV of We ≈ 3.2× 10
47 erg are needed to explain the
radio spectrum. The cutoff energy of electrons, Ee,cut ≈ 6.9
TeV, is determined by making the acceleration timescale of
diffusive shock with Borm diffusion equal to the synchrotron
radiation loss timescale (Parizot et al. 2006; Funk 2015),
Ee,cut = 83.7
(
vsh
103km s−1
) (
B
1µG
)−1/2
TeV (3)
The electron synchrotron energy loss time at the break
energy 6 GeV is about 4 × 105 years which is about 2 or-
ders of magnitude longer than the age of the remnant (4450
year, Becker et al. 2012; Winkler et al. 1988) and the shock
velocity of vsh = 700 km s
−1 is used (Katsuda et al. 2013).
The total energy of relativistic protons above 1 GeV is Wp ≈
7.5 × 1049(n/4.0 cm−3)−1 erg, which is very close to 10% of
the typical kinetic energy released by a core-collapse super-
nova of Ek ∼ 10
51 erg. The cutoff energy of protons is about
0.6 TeV, which is close to the result of Hewitt et al. (2012),
but lower than that of electrons.
In addition to the spectra of a power law with an ex-
ponential cutoff for protons, we considered a more complex
model: a smoothly broken power law with an exponential cut-
off, whose form is the same as given by Equation 1 and the
fitted multi-wavelength SED is compiled in the bottom panel
of Fig. 4. The break energy of protons, Ep,br, is fitted to be 0.2
TeV to explain the GeV break of SED. And the cutoff energy
of protons, Ep,cut, should be larger than that of the electrons,
Ee,cut ≈ 6.9 TeV. Other parameters listed in Table 4 are the
same as that of the power law distribution for protons.
The SBPL model is very similar to the PL model except
for a slightly lower TeV fluxes of the PL model with the expo-
nential cutoff of the proton distribution. However the higher
cutoff energy of the proton distribution is more reasonable and
future TeV observations with better sensitivity will be able to
distinguish these two models.
The hadron-dominated model can naturally explain the
radio and GeV spectral break. Meanwhile, this model expects
a not-too-low non-thermal X-ray emission, which is more rea-
sonable for Puppis A compared with other young SNRs. To-
gether with the morphology of γ-ray emission, the hadron-
dominated model is the most suitable scenario to explain the
multi-wavelength data of Puppis A.
The above models for the SED show that γ-ray emission
from Puppis A cannot be due to interactions of background
CRs with intersteller gas. In the region of Puppis A the spec-
tral index of CRs inferred from the Galactic diffuse γ-ray
emission is about 2.7 (Acero et al. 2016; Yang et al. 2016),
which is close to the locally observed one but much softer
than that inferred for Puppis A (see Table 4). Furthermore,
the mean energy density of CRs responsible for the γ-ray
emission of Puppis A, εp, derived with ngas × Wp/(
Mgas
mp
), is
higher than that of the background CRs. Therefore, the γ-ray
emission is most likely produced by particles accelerated by
shocks of the SNR Puppis A.
4. CONCLUSION
In this work, we re-analyze the γ-ray emission from SNR
Puppis A using seven years Fermi-LAT data with the latest
Pass 8 version. The γ-ray morphology of Puppis A is well
correlated with its thermal X-ray and IR emissions rather than
the radio emission. This means that some dense clouds may
710-12
10-11
10-10
10-10 10-5 100 105
E2
 
dN
/d
E 
[er
g c
m-
2  
s-
1 ]
E[MeV]
ICS-dominant
10-12
10-11
10-10
10-10 10-5 100 105
E2
 
dN
/d
E 
[er
g c
m-
2  
s-
1 ]
E[MeV]
Brems-dominant
10-12
10-11
10-10
10-10 10-5 100 105
E2
 
dN
/d
E 
[er
g c
m-
2  
s-
1 ]
E[MeV]
Hadron-dominant (PL)
10-12
10-11
10-10
10-10 10-5 100 105
E2
 
dN
/d
E 
[er
g c
m-
2  
s-
1 ]
E[MeV]
Hadron-dominant (SBPL)
Fig. 4.— Different emission models fitting on the multi-wavelength data of Puppis A with the parameters listed in Table 4. The hadron-dominated models with
the spectra of a power law and a smoothly broken power law for protons are plotted separately. In each panel, the radio data marked by blue and green points
are observed by WMAP (Hewitt et al. 2012) and Planck satellites (Arnaud et al. 2016), respectively. And the radio emission is dominated by the synchrotron
component, shown as the red solid curve. For the γ-ray emission, the contributions from ICS, bremsstrahlung, and pi0-decay processes are shown as the dotted,
dashed and dotted-dashed lines, respectively. The ICS emission includes three components from CMB (blue) and two infrared (red and pink) photon fields. The
black solid line represents the sum of different radiation components.
8TABLE 4
Parameters for the models
Model αp αe ∆αe Ep,br Ep,cut Ee,br Ee,cut B W
a
e ngas × W
a,b
p ε
c
p
(TeV) (TeV) (GeV) (TeV) (µG) (1049erg) (1049erg cm−3) (eV cm−3)
ICS-dominated 1.80 1.80 1.0 − 10.0 20.0 0.8 6.0 1.7 2.5 46.5
Brems-dominated 1.85 1.85 1.0 − 4.0 18.0 4.0 11.0 0.7 1.4 3.3
Hadron-dominated (PL) 1.90 1.90 1.0 − 0.6 6.0 6.9 72.0 3.2 × 10−2 30.0 69.8
Hadron-dominated (SBPL) 1.90 1.90 1.0 0.2 > 6.9 6.0 6.9 72.0 3.2 × 10−2 30.0 69.8
Note. —
a) The total energy of relativistic particles, We,p, is calculated for E > 1 GeV.
b) For the ICS-dominated model, the gas density, ngas = 0.5 is adopted; for the Bres- and Hadron-dominated models, ngas = 4.0
is adopted.
c) The energy density of CRs, εp, is calculated by ngas ×Wp =
Mgas
mp
εp. Here the total mass of the gas, Mgas is defined as Mgas =
4
3
pi r3 ngas mp, assuming a homogeneous gas density for the whole volume of Puppis A.
9exist around Puppis A for providing the target particles of the
high energy γ-ray emission. The γ-ray spectra of Puppis A
exhibits a break at 7.92 ± 1.91 GeV with a significance of
∼ 5.6σ. And the photon indices below and above the break
energy are 1.81 ± 0.08 and 2.53 ± 0.12, respectively. The
existence of the GeV break can naturally explain the upper
limit derived from HESS observations in the TeV band.
We use three radiation mechanisms, including the
ICS-, bremsstrahlung- and hadron-dominated models, to
fit the multi-wavelength data. Although the ICS- and
bremsstrahlung-dominatedmodels can marginally explain the
γ-ray emission, the hadron-dominated model seems to be
more plausible considering the spectral structure of the GeV
break and the radio break detected by WMAP and Planck
satellites. However, the decisive evidence of the hadron-
dominated model may rely on the detection of the charac-
teristic “pi0 bump” in the lower energy band. Meanwhile,
the hadron-dominated model also predicts a not-too-low non-
thermal X-ray emission of Puppis A, which may be confirmed
by the future X-ray observations.
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